The lack of axonal regeneration in the injured adult mammalian spinal cord leads to permanent functional impairment. To induce axonal regeneration in the transected adult rat spinal cord, we have used the axonal growth-promoting properties of adult olfactory bulb ensheathing glia (EG). Schwann cell (SC)-filled guidance channels were grafted to bridge both cord stumps, and suspensions of pure (98%) Hoechst-labeled EG were stereotaxically injected into the midline of both stumps, 1 mm from the edges of the channel. In EG-transplanted animals, numerous neurofilament-, GAP-43-, anti-calcitonin generelated peptide (CGRP)-, and serotonin-immunoreactive fibers traversed the glial scars formed at both cord-graft interfaces. Supraspinal serotonergic axons crossed the transection gap through connective tissue bridges formed on the exterior of the channels, avoiding the channel interior. Strikingly, after crossing the distal glial scar, these fibers elongated in white and periaqueductal gray matter, reaching the farthest distance analyzed (1.5 cm). Tracer-labeled axons present in SC grafts were found to extend across the distal interface and up to 800 m beyond in the distal cord. Long-distance regeneration (at least 2.5 cm) of injured ascending propriospinal axons was observed in the rostral spinal cord. Transplanted EG migrated longitudinally and laterally from the injection sites, reaching the farthest distance analyzed (1.5 cm). They moved through white matter tracts, gray matter, and glial scars, overcoming the inhibitory nature of the CNS environment, and invaded SC and connective tissue bridges and the dorsal and ventral roots adjacent to the transection site. Transplanted EG and regenerating axons were found in the same locations. Because EG seem to provide injured spinal axons with appropriate factors for long-distance elongation, these cells offer new possibilities for treatment of CNS conditions that require axonal regeneration.
gation of mature axons and, thus, constitute a major obstacle to the process of axonal regeneration in the injured adult CNS (Liuzzi and Lasek, 1987; Bandtlow et al., 1990; Hatten et al., 1991; Bovolenta et al., 1992; Giulian, 1993; Schwab et al., 1993) .
Although not all adult neurons exhibit the same regenerative potential, most of them regenerate their lesioned axons if the appropriate conditions are provided. Injured axons are able to grow for long distances through pieces of peripheral nerve grafted into the CNS (David and Aguayo, 1981; Hagg et al., 1990; Sauve et al., 1995) . Schwann cells (SCs) produce a variety of neurotrophic and neurotropic factors, extracellular matrix, and adhesion molecules responsible for the growth-supporting properties of peripheral nerve (Bixby et al., 1988; Fawcett and Keynes, 1990; Raivich and Kreutzberg, 1993) .
Several groups have used purified SC transplants to stimulate axonal elongation in different injured CNS regions (Kromer and Cornbrooks, 1985; Guénard et al., 1993; Montgomery and Robson, 1993; Harvey et al., 1994; Xu et al., 1995a Xu et al., , 1997 . In transected spinal cords, SC-filled guidance channels may be grafted to bridge the gap created between the cord stumps (Xu et al., 1997) . If these channels are provided with no other treatments, only axons from some sensory and propriospinal neurons enter and regenerate within them. When either neurotrophins (Xu et al., 1995b) or methylprednisolone (Chen et al., 1996) are administered concomitantly, however, some brainstem neurons also extend their axons into the grafts. Although numerous axons successf ully grow inside SC -filled guidance channels, they fail to exit the grafts and, consequently, do not re-enter the CNS environment (Xu et al., 1997) .
The failure of injured axons to regenerate within the mature CNS does not apply to the olfactory bulb. Normal and sectioned olfactory axons spontaneously grow within the adult olfactory bulb, establishing synaptic contacts with their targets (Graziadei and Monti Graziadei, 1980; Doucette et al., 1983) . The major difference between a regenerating system such as the olfactory bulb and the rest of the C NS is the presence of ensheathing glia (EG) in the former (Doucette, 1991) . Olfactory bulb EG display properties that may account for the permissiveness of adult olfactory bulb to axonal growth (Ramón-Cueto and Valverde, 1995; Ramón-Cueto and Avila, 1998) . In fact, transplants of EG make possible the growth and elongation of dorsal root axons into adult rat spinal cords. These cells appear to migrate with regenerating axons through an unfavorable C NS environment, toward specific denervated cord laminae (Ramón-Cueto and Nieto-Sampedro, 1994) . Very recently, Li et al. (1997) reported the recovery of forepaw motor f unction in adult rats with injured corticospinal tracts after transplantation of cells from olfactory bulb primary cultures. Here, we report that pure EG transplants enhance the regenerative effect of SC -filled guidance channels and, very strikingly, promote long-distance axonal regeneration within the adult rat spinal cord after complete transection.
MATERIALS AND METHODS

Cell cultures SC cultures and purification
Pure cultures of SC s were obtained from sciatic nerves of adult Fischer rats (Charles River Laboratories, Wilmington, M A) as described previously (Morrissey et al., 1991) . Briefly, sciatic nerves were dissected under sterile conditions, placed in 60 mm Petri dishes containing Gibco, Grand Island, N Y) , and divested of their epineurial sheaths. Nerves were chopped into 1 mm 2 pieces and transferred to 35 mm Petri dishes containing DM EM (Gibco) supplemented with 10% fetal bovine serum (FBS; Hyclone laboratories, L ogan, UT), 100 U/ml penicillin, and 100 g /ml streptomycin (DM EM-10S). Nerve pieces were transferred to another 35 mm Petri dish every week for 5 weeks and were fed twice a week. After five transfers, explants were devoid of fibroblasts and contained only SC s. E xplants were replated onto 35 mm Petri dishes with 1.25 U/ml dispase (Boehringer Mannheim, Mannheim, Germany), 0.05% collagenase (Worthington, Freehold, NJ) , and 15% FBS in DM EM and were incubated at 37°C in 5% C O 2 overnight. After incubation, explants were washed with DM EM-10S and dissociated, and the SC s were seeded onto poly-L-lysine-coated 100 mm Petri dishes at a density of 2 ϫ 10 6 cells/dish. After 24 hr, the culture medium was changed to DM EM-10S supplemented with 2 M forskolin (Sigma, St. L ouis, MO) and 20 g /ml pituitary extract (Gibco). C ells, fed twice a week with this medium, were allowed to expand until confluency. The purified SC s were suspended in DM EM / Matrigel (70:30, v/ v) to yield a final density of 120 ϫ 10 6 cells/ml and were drawn into a guidance channel [polyacrylonitrile/poly vinyl chloride (PAN/ PVC; from Dr. Patrick Aebischer and C ytoTherapeutics, Inc., Lincoln, RI] with a 5 ml syringe. The channel was then closed with PAN/ PVC glue and kept overnight in DM EM at 37°C before transplantation.
EG cultures and purification
Primary olfactory bulb cultures were set up from adult female Fischer rats (four months old; Charles River Laboratories) as described previously in detail (Ramón-Cueto and Nieto-Sampedro, 1992) . The method used to purif y EG from primary cultures was modified from the original protocol (Ramón-Cueto and Nieto-Sampedro, 1994) . Seven days after plating, EG were separated from other cell types in primary cultures by immunoaffinity, using an antibody against p-75 nerve growth factor receptor (p-75 NGFR; Developmental Hybridoma Bank, Iowa C ity, IA). C ells from primary cultures were detached with trypsin (0.25% w/ v), centrif uged (200 g; 10 min), and washed three times with D/ F-10S (a 1:1 mixture of DM EM and Ham's F-12 media, supplemented with 10% FBS, 100 U/ml penicillin, and 100 g /ml streptomycin). C ells were resuspended in D/ F-10S and plated on 100 mm Petri dishes sequentially pretreated with antibodies as follows. Dishes were incubated with 1:1000 biotinylated anti-mouse IgG antibody (Jackson ImmunoResearch, West Grove, PA) for 12 hr at 4°C and were washed with PBS, pH 7.3, three times. They were then incubated with supernatants of cultured 192 hybridoma cells containing p-75 NGFR at 1:1 dilution in PBS with 5% bovine serum albumin (BSA) for 12 hr at 4°C. After washing with PBS, the dishes were incubated with PBS -5% BSA for 4 hr at room temperature. After dishes were washed with D/ F-10S, 5 ml of a suspension containing cells from olfactory bulb primary cultures was plated on the antibody-treated dishes, at a density of 300,000 cells per dish, for 45 min at 37°C in 5% C O 2 . Unbound cells were removed, and the dishes were washed with D/ F without serum five times. Bound cells were detached from the dishes with a cell scraper (Costar, C ambridge, M A), centrif uged (200 g; 10 min), and resuspended in D/ F-10S. C ells obtained from three dishes were replated onto another antibody-treated Petri dish for 30 min at 37°C in 5% C O 2 . As before, attached cells were removed with a cell scraper, centrif uged, and resuspended in 2.5 ml of DM EM-10S. C ells were seeded onto a poly-L-lysine-treated (Sigma; average molecular weight, 30,000; 50 mg /ml) 25 cm 2 flask (Costar) and were incubated at 37°C in 5% C O 2 . After 24 hr, the culture medium was changed to DM EM-10S containing 2 M forskolin (Sigma) and 20 g /ml pituitary extract (Gibco). C ells were cultured for 15 d at 37°C in 5% C O 2 , and the culture medium was changed every 3 d. Compared with previous cultures in which EG did not easily divide Nieto-Sampedro, 1992, 1994; Ramón-Cueto et al., 1993) , cultures of EG when forskolin and pituitary extract were added to the culture medium were able to expand. However, these two compounds may also increase the number of any non-EG-contaminating cells. To diminish the number of contaminating cells from EG cultures, we plated olfactory bulb cells onto antibody-coated dishes twice instead of once. The purity of EG cultures was checked 15 d after immunopurification and just before transplantation by counting p-75 NGFR-immunoreactive cells in the cultures (see below). The modification of the original protocol led to almost pure EG cultures (98%) after 15 d in vitro.
EG labeling
Immunoc ytochemistr y. EG cultures were immunocytochemically labeled with anti-p-75 NGFR to test the purity of the cultures. Fifteen days after immunopurification, cells were detached from the flasks with trypsin-EDTA (0.25% w/ v) and repeatedly washed by centrif ugation with DM EM-10S. After the last centrif ugation, 40,000 cells were resuspended in DM EM-10S, seeded on four poly-L-lysine-coated coverslips (10,000 cells per coverslip), and cultured for 24 hr at 37°C in 5% C O 2 . The remaining cells were labeled and transplanted as below. After 24 hr, cells cultured on coverslips were incubated with anti-p-75 NGFR for 45 min at 37°C in 5% C O 2 , washed with DM EM-10S, and then treated with fluorescein-conjugated anti-mouse IgG antibody (Jackson ImmunoResearch; 1:50 dilution; 45 min; 37°C; 5% C O 2 ). Immunolabeled cultures were fixed with 4% paraformaldehyde (10 min; room temperature) and mounted. The proportion of EG in the cultures was determined by counting p-75 NGFR-immunoreactive cells under a fluorescence microscope and by comparing total cell counts of the same field under phase contrast microscopy.
Hoechst labeling. Fifteen days after immunopurification, EG were detached from the flasks (see above) and labeled with the nuclear fluorochrome bisbenzimide (Hoechst 33342; Sigma) (Baron- Van Evercooren et al., 1991) . C ells were incubated for 30 min at 37°C in the dark in DM EM-10S containing 10 g /ml bisbenzimide. They were rinsed three times with DM EM without serum, resuspended in the same medium at a density of 100,000 cells/l, and then transplanted into the spinal cord.
Surgical procedures Transplantation technique
Sixteen adult (4 months old) female Fischer rats (nine experimental and seven control rats; Charles River Laboratories) were anesthetized with a mixture of O 2 :N 2 O (40:60). To prevent wound and bladder infections, antibiotics were given subcutaneously. An ophthalmic ointment was applied to the eyes to prevent drying.
SC transplantation. The rats were placed onto a heating pad to maintain body temperature. A multilevel laminectomy was performed to expose T8 -T10 thoracic spinal cord segments. The dura was cut longi-tudinally and laterally at proximal-and distal-most borders of the laminectomy. Lidocaine was administered onto the exposed spinal cord, followed by a transection at T9 and removal of a 4 mm segment. Dorsal roots were removed at the proximal and distal edges of the lesion site. A PAN/ PVC channel 6 mm long [inner diameter (i.d.), 2.8 mm; outer diameter (o.d.), 3.1 mm], containing the SC and Matrigel mix, was caref ully placed to allow the proximal and distal spinal cord stumps to be inserted ϳ1 mm into the channel.
EG transplantation. Suspensions of Hoechst-labeled EG were stereotaxically injected with a sterile glass needle. Glass capillaries were pulled and needles (i.d., 80 m; o.d., 100 m) were obtained. They were sterilized by immersion in 80% ethanol for 4 hr and by subsequent overnight exposure to UV light. Needles were connected to a sterile 5 l Hamilton syringe. The whole system was filled with sterile oil and mounted in a stereotaxic apparatus. Hoechst-labeled EG were loaded into the needles and stereotaxically injected into the midline of both spinal cord stumps, 1 mm from the edges of the channel (Fig. 1 A) . From ventral to dorsal, cells were injected in the following four sites of each cord stump: (1) ventral f uniculus, (2) gray commissure, (3) dorsal corticospinal tract, and (4) gracile fasciculus. Coordinates (expressed in millimeters) of the four injection sites were 1.75, 1.25, 1, and 0.5, respectively. Each site received 0.5 l of a suspension containing 50,000 cells. Therefore, we injected 200,000 cells into each cord stump.
Control animals were grafted with SC -filled guidance channels as were experimental ones, but they did not receive EG injections. Instead, these animals were injected with 0.5 l of DM EM at the same spinal cord coordinates used in experimental rats.
After the operation, the exposed spinal cord was covered with Durafilm, the muscles and skin were sutured, and the wound was washed with an antiseptic solution. The rats received postoperative care including the subcutaneous injection of 10 ml of lactated Ringer's solution and administration of Bicillin (20,000 U/d), and bladder expression for 7-10d. Six weeks after surgery, half of the animals were injected with the tracer, and the remaining rats were processed for immunohistochemistry.
Tracing technique
Six weeks after grafting, seven animals (four experimental and three control rats) were anesthetized, and their vertebral columns were opened between vertebrae C5 and C7, thereby exposing the lower half of C6, C7, and the upper half of C8 spinal cord segments. An aliquot (0.05 l) of 5% wheat germ agglutinin -horseradish peroxidase (WGA-HRP; Sigma) in 50 mM Tris-HC l buffer, pH 7.4, was stereotaxically injected using a sterile glass needle (i.d., 80 m; o.d., 100 m) connected to a sterile 5 l Hamilton syringe (same method that was used for EG transplantation). Tracer was injected at each of the following 13 coordinates in the rostral half of the C7 segment ( Fig. 1 B) (coordinates expressed in millimeters): in the midline: 1.85, 1.45 (ventral f uniculus); 1.05 (gray commissure); 0.8 (dorsal corticospinal tract); and 0.4 (gracile f uniculus); at 1.2 mm from the midline both to the left and to the right: 1.6, 1.2, 0.8, and 0.4 (all in the lateral f uniculus). After 24 hr, animals were perf used and histologically processed for tetramethylbenzidine (TM B) labeling. The tracer WGA-HRP can be transported by axons in both anterograde and retrograde directions. To check the efficiency of WGA-HRP for tracing all spinal cord tracts using our method, three normal uninjured rats were subjected to the same protocol.
Tissue processing
After 6 weeks of survival, experimental and control animals were anesthetized and transcardially perf used with heparinized physiological saline followed by fixative.
WGA-HRP
Animals injected with tracer were perf used first with ice-cold heparinized physiological saline and then with 0.4% paraformaldehyde and 2% glutaraldehyde in 0.1 M ice-cold phosphate buffer, pH 7.4. Spinal cords with guidance channels were dissected and post-fixed for 2 hr. After rinsing spinal cords with ice-cold 20% sucrose in PBS (1 hr), we incubated them in 30% sucrose and PBS overnight at 4°C. Tissue was embedded in 10% gelatin and PBS (3 hr; 37°C), and the gelatin block was fixed in 4% paraformaldehyde in PBS (2 hr; room temperature) and kept in 30% sucrose and PBS (overnight; 4°C). The entire embedded spinal cords (with grafts and channels) were cut horizontally in a freezing microtome (40 m), and serial sections were collected in 24-well plates containing PBS. To label free-floating sections with TM B, we transferred the sections to a multiwell dish (Sigma) (Mesulam, 1978) . Because TM B is not a substrate soluble in water, 5 mg was heat dissolved in 2.5 ml of warm 100% ethanol. After cooling to room temperature and for a short time at 4°C, the TM B solution was combined with the cold (4°C) prereaction mixture in a glass dish and agitated on a shaker for 20 min. To this, 270 l of 3% H 2 O 2 was added. Sections were agitated again for 18 -20 min until a dark reaction product could be detected in the sections. The stained sections were rinsed in three to four changes of prerinse solution to wash out nonspecific background staining, identified usually by a green discoloration. Stained sections were mounted onto gelatinsubbed slides (as above), left to dry, placed in xylene, and coverslipped using DPX. The slides were stored in a refrigerator because of the heat and light sensitivity of the TM B reaction product.
Immunohistochemistry
Immunostaining was performed on spinal cords that were not injected with WGA-HRP. Animals (five experimental, four control) were perf used with physiological saline and then with 4% paraformaldehyde in 0.1 M ice-cold phosphate buffer, pH 7.4, and spinal cords with guidance channels were dissected and post-fixed for 5 hr at 4°C. The tissue was kept in 30% sucrose in 0.1 M phosphate buffer, pH 7.4, for 36 hr at 4°C and embedded in Gum Tragacant (Sigma)-PBS, and whole spinal cords were longitudinally cut (sagittal, 15 m sections) in a cryostat (Ϫ20°C). Consecutive spinal cord sections were collected onto different gelatincoated glass slides, and each slide was immunohistochemically labeled or double-labeled with one or two different primary antibodies.
The following rabbit polyclonal primary antibodies were used in our study: anti-serotonin (5-HT; Incstar Corp., Stillwater, M N) (1:50), antidopamine-␤-hydroxylase (D␤H; Incstar Corp.) (1:200), anti-calcitonin gene-related peptide (CGRP; provided by Dr. I. Dickerson) (1:100), anti-growth-associated protein-43 (GAP-43; a gift of Dr. Graham Wilkin) (1:200), anti-glial fibrillary acidic protein (GFAP; Dako, C arpenteria, CA) (1:100), and S100 antibody (Dako) (1:200). We also used mouse monoclonal IgG against neurofilaments (RT-97; Developmental Hybridoma Bank) (1:5) and anti-ED1 (Serotec, Indianapolis, I N), a mouse monoclonal IgG (1:200). Fluorescein-conjugated goat anti-mouse or rhodamine-conjugated goat anti-rabbit (Jackson ImmunoResearch) Igs were used as secondary antibodies at 1:100 and 1:80 dilutions, respectively. To diminish background labeling, we preincubated secondary antibodies with other spinal cord tissue from experimental rats before immunostaining.
Sections were washed three times with PBS and incubated with 0.1% Triton X-100 (Sigma) with 1% normal goat serum in 0.1 M phosphate buffer, pH 7.4, for 30 min at room temperature. Incubations with antiserotonin antibody were performed for 45 min at room temperature; incubations with the other primary antibodies were performed overnight at 4°C. After repeated washing with PBS, sections were incubated with their respective secondary antibodies for 45 min at room temperature, washed with PBS, coverslipped, and examined in a fluorescence microscope (Z eiss Axiophot).
RESULTS
EG transplants were used in combination with SC -filled guidance channels to test their effect on regenerative axonal growth in the transected adult rat spinal cord. Six weeks after surgery, thick SC-containing cables were present inside the channels of all transplanted animals (Fig. 2 A) , and they were firmly attached to the rostral and caudal spinal cord stumps, forming a bridge between them. A thin layer of connective tissue surrounded the outer surface of the channels and connected lateral regions of both spinal cord stumps, also forming a bridge between them (see Figs. 2 B, 3C) . Therefore, there were two types of bridges between the spinal cord stumps, a SC -containing bridge inside the guidance channel and a connective tissue bridge on the channel exterior. Using immunohistochemical and peroxidase-labeling techniques, we observed that injured axons entered and elongated inside both types of bridges to reach the opposite cord stump (see Figs. 3, 7) . Moreover, regenerating axons were able to exit these bridges, crossing the gliotic tissue at both cord-graft interfaces, and to grow rostrally and caudally through the milieu of the spinal cord stumps.
Composition of bridges
In addition to SC s and Matrigel, the cables inside the channels contained EG and axons as revealed by Hoechst labeling and either neurofilament or GAP-43 immunolabeling (Fig. 3 A, B) . Intense immunoreactivity was observed in the entire width of the cables (Fig. 3A) . Hoechst and neurofilament or GAP-43 labeling showed that connective tissue bridges contained EG and axons (Fig. 3C, D) . In some regions of both types of bridges, EG appeared to be aligned along immunoreactive axons (compare Fig.  3A and C with B and D, respectively).
The absence of GFAP immunoreactivity inside the bridges showed that astrocytes did not migrate into either type of bridge (Fig. 4 A, F ) . The majority of ED1-immunoreactive cells (macrophages and microglia) were found at the cord transection sites outside both bridges. Occasionally in some sections, however, some ED1-immunoreactive cells could be seen entering the cables (Fig. 4 B) . Astrocytes and macrophages and microglial cells created a glial scar at both rostral and distal cord-cable interfaces (Fig. 4 A, B, F ) . Gliotic tissue at both interfaces contained Hoechst-labeled nuclei, showing that EG were a constituent of the glial scars (Fig. 4C, H ) . Moreover, EG intermingled with the astrocytes and microglial cells, indicating that these cells did not exert an inhibitory influence on EG migration.
In summary, cables inside guidance channels contained Matrigel, SCs, EG, and axons, whereas the connective bridges on the channel exterior contained fibroblasts, EG, and axons. Both types of bridges were devoid of astrocytes.
Axonal regeneration Immunohistochemical analysis
Numerous GAP-43-and neurofilament-immunoreactive axons were observed to have regenerated across glial scars formed at both graft-cord interfaces and to have entered both types of bridges. Axons crossed the interfaces created between the spinal cord stumps and either SC-containing cables or connective tissue bridges (Figs. 3 A, C, 4D, E,G) . Hoechst-labeled EG and regenerating axons were observed in the same regions of the rostral and caudal gliotic tissue and interfaces, SC cables, and connective tissue bridges (compare Figs. 3A and C with B and D, 4D and E with C, 4G with H ) . Also in those locations, some Hoechststained nuclei were found aligned along the axons, suggesting an association between the two (Fig. 3) . Anti-GAP-43 and antineurofilament antibodies recognized numerous axonal profiles throughout the gray and white matter of rostral and caudal spinal cord stumps (data not shown).
To identify some of the regenerated axons (descending, ascending, or cell type), we used antibodies against CGRP, serotonin, and D␤H, as well as WGA-HRP tracing. Anti-CGRP labels ascending sensory axons from DRG neurons as well as processes Figure 2 . A, Dorsal surface of a perf used EG-transplanted spinal cord 6 weeks after surgery. To expose the SC cable, we removed the dorsal part of the channel. The cable was firmly attached to both rostral and caudal spinal cord stumps. B, Diagram showing a sagittal hemisection of a grafted spinal cord 6 weeks after transplantation. Two bridges were present between rostral and caudal cord stumps: (1) a SC -and EG-containing cable inside the channel and (2) a connective tissue layer containing EG around the channel. Dashed lines represent regenerating ascending ( A) and some of the descending ( D) fibers. Because of space constraints, the ascending fibers and some of the descending fibers were not drawn through the SC bridge. C7, Cervical segment 7; gs, glial scar; L3, lumbar segment 3; T8 and T10, thoracic segments 8 and 10.
of motor neurons (Gibson et al., 1984) , and antibodies against serotonin and D␤H recognize descending fibers from raphe and locus coeruleus neurons, respectively Hamill, 1988, 1989) . CGRP-positive axons from the dorsal columns crossed the distal glial scar dorsally (Fig. 5 A, B) , elongated into either SCcontaining cables (Fig. 5C ) or connective tissue bridges (Fig. 5D ), and were observed at the rostral cord-cable interface (Fig.  5 E, F ) . These fibers did not show any preference for a specific type of bridge or a specific location inside the bridges; they invaded the entire width and length of both bridges (Fig. 5C, D) . Although CGRP-immunostained axons were detected in rostral spinal cord stumps, it was difficult to establish their origin; they could be either regenerated fibers, unlesioned sensory axons entering the rostral cord, or both.
Although serotonin-immunoreactive fibers crossed the rostral gliotic tissue and reached the proximal cord-SC cable interface (Fig. 6 A, B) , they did not extend inside the SC -containing cables in order to cross the gap between the stumps. Instead, they regenerated through the EG-containing connective tissue surrounding guidance channels (Fig. 6 D) . Although a few serotonergic axons traversed the SC -cord cable interface at its ventral outermost aspect, they were found exclusively at the periphery of the cables where an epineurium-like layer is typically found (Xu et al., 1995a) (Fig. 6C) . Moreover, because the distance traveled by these fibers did not exceed 1 mm, they did not reach the distal cord-cable interface. Serotonin-immunoreactive axons reached the distal cord-cable interface through the connective tissue bridge, crossed the gliotic tissue of the caudal spinal cord stump (Fig. 6 E-G) , and grew into the cord beyond (Fig. 6 H-K ) . Serotonergic axons were encountered in the ventral columns (Fig. 6 H) and periaqueductal gray matter (Fig. 6 I) of the distal spinal cord, at the farthest distance analyzed (1.5 cm). Occasionally, a spray of small serotonin-immunoreactive dots was observed delineating some motor neurons in the ventral horn of distal spinal cord (Fig.  6 K) . EG and serotonergic axons were observed in the same distal spinal cord regions (compare Fig. 6 I and K with J and L, respectively).
In contrast to serotonergic fibers, other neuronal types appeared to elongate their axons in either type of bridge. The total number of neurofilament-and GAP-43-immunoreactive fibers inside the SC cables was much higher than was the number of CGRP-stained fibers. Although many of them were propriospinal axons (see next section), the specific nature of the rest remains to be determined. Noradrenergic axons were detected at the rostral cord-cable interface, but they did not regenerate beyond the glial scar and did not enter bridges of either type (data not shown).
In control animals, regenerating neurofilament-and GAP-43-immunopositive axons were observed to enter SC-containing cables, but the extent of axonal regeneration appeared less than that of EG-transplanted cords. Moreover, in control animals, few CGRP and no serotonergic fibers crossed the cord-bridge interfaces and extended into grafts. As in EG-transplanted animals, noradrenergic axons reached the proximal cord-SC cable interface but did not regenerate into the bridges. Interestingly and different from EG-transplanted animals, axonal elongation inside connective tissue bridges was not observed in control animals.
WGA-HRP tracing
To establish the efficiency of the tracing protocol, WGA-HRP was injected into unlesioned spinal cords at 13 different sites in the C7 segment (see Materials and Methods). All descending and ascending cord tracts transported the tracer in anterograde and retrograde directions, and we observed retrogradely labeled so- mata at all spinal cord segments located below the WGA-HRP injection site (data not shown). The same method was performed in four experimental and three control animals.
Both experimental and control rats showed the presence of a cable, bridging the proximal and distal spinal cord stumps. In all of the traced experimental rats, Hoechst-labeled EG were found in both the proximal and distal spinal cord stumps, SC cables, and connective tissue bridges. The position and distances traveled by 
Sections were immunolabeled for GFAP ( A), ED1 ( B), neurofilament ( D), and GAP-43 ( E). EG were visualized by Hoechst labeling ( C).
A portion of the channel, which autofluoresces with the filter used, was retained in C (asterisk). Arrowheads in A, B, D, and E point to the cord-cable interface; arrows in A-E mark the EG-containing connective tissue bridge. the Hoechst-labeled EG resembled those seen in the immunohistochemically analyzed animals. WGA-HRP tracing, visualized by TM B histochemistry, showed the presence of labeled regenerating axons that had entered, grown through, and exited the SC cable into the distal spinal cord in three of the four experimental rats. Large numbers of axons were seen to enter the rostral region of the SC cable (Fig.  7A) . Although a substantial number, there were somewhat fewer labeled axons near the distal end of the SC cable compared with the proximal end. TM B-labeled axons entered the distal spinal cord for up to 800 m from the distal interface (Fig. 7 B, C) . These axons entered the distal cord via the gray matter; no axons were seen to enter the distal white matter. The average length of the TM B-labeled regenerated axons from the interface was 480 m. The axons were in dense tracts. In contrast, no axons were seen to enter the distal gray or white matter of the control rats (Fig. 7D) .
Three of the four experimental rats also exhibited the presence of labeled spinal neurons in the distal gray matter (Fig. 7E-H ) . A maximum number of 26 TM B-labeled neurons was found in one of the experimental cords, 21 in another, with the lowest number being 7; the average was 18 labeled neurons in the distal gray matter. These TMB-labeled neurons were seen at long distances from the distal interface, with one rat showing labeled neurons at a distance of 1.9 cm (Fig. 7H ) . The majority of the TMB-labeled neurons were found between 0.5 and 3 mm from the distal interface in segments T10 -T11 of the distal spinal cord and in laminae V and VII (Fig. 7E) . However, some of these labeled neurons were also found in spinal segments L1-L3 and, again, within laminae V (Fig. 7F ) and VII (Fig. 7G, H ) .
Ensheathing glia migration
The distribution of Hoechst-labeled EG was analyzed in all consecutive spinal cord sections from transplanted animals (Fig.  8) . Hoechst-labeled nuclei were round or elongated with smooth borders. They displayed uniform staining and showed an absence of chromatin condensation or fragmentation. The labeling pattern and the lack of small aggregates of DNA indicated that Hoechst-labeled cells were alive and corresponded to EG (Crowe et al., 1997) . Clearly, some macrophages had taken up the Hoechst dye, but their appearance was very different (Fig. 3B) . Also, many cells in regions containing Hoechst-labeled nuclei were devoid of Hoechst labeling, indicating that the dye was not transferred to cell types other than macrophages. Injected EG migrated longitudinally and laterally from the injection sites in both cord stumps. They moved rostrally and caudally, crossing gliotic tissue (Fig. 4C, H ) , entering both types of bridges (Figs. 3 B, D, 4C, H ) , and invading proximal and distal spinal cord stumps for the farthest distances analyzed (Fig. 8 A, C) (1.5 cm from both cord-cable interfaces). Labeled EG were located in the gracile and cuneate fasciculi, dorsal corticospinal tract, ventral columns (Fig. 8 D) , and the medial part of the lateral f uniculus (Fig. 8 A, C) . This indicated that EG were able to move through white matter tracts. EG were also present in the medial and paramedial gray matter along all segments studied (Figs. 6 J, 8B) . Laterally, EG migrated 0.8 mm from the midline, invading the medial portion of the lateral columns along the entire cord (Fig. 8 A, C) . EG were also detected at the pia mater of those cord regions containing EG just beneath the cord surface (Fig. 8C, D) . They were also I, J ) . c, C entral canal. K, Serotonin-immunoreactive fibers in the ventral horn of the caudal cord stump. Note that some immunopositive fibers delineate the dendrites and bodies of neurons; arrows point to a neuron the dendrites and body of which are outlined by serotonergic immunoreactivity, and arrowheads point to serotonin immunostaining surrounding a group of neurons. L. Same field shown in K revealing Hoechst-labeled EG. The Hoechst-labeled nuclei colocalize with the serotonergic fibers associated with the neurons shown in K (arrows and arrowheads). observed along the ependymal layer along the entire cord length (Figs. 6 J, 8B ). Dorsal and ventral roots from the two segments above and below the transection site also contained Hoechst-labeled EG (Fig. 8C,D) . All other spinal cord regions were devoid of EG. The pattern of EG distribution suggests that neither gray nor white matter exerted an inhibitory influence on EG migration. Moreover, neither connective nor gliotic tissue hindered EG migration. Also, because these cells exited the C NS and migrated into peripheral nerves, EG migration appeared not to be restricted to the C NS.
DISCUSSION
Numerous attempts have focused on finding new strategies leading to axonal regeneration in the injured adult mammalian cord (e.g., David and Aguayo, 1981; Schnell et al., 1994; T uszynski et al., 1994; Bregman et al., 1995; Xu et al., 1995a; Cheng et al., 1996; Kalderon and Fuks, 1996; Oudega and Hagg, 1996; Guest et al., 1997; Xu et al., 1997; Ye and Houle, 1997, Menei et al., 1998) . In this context, we previously demonstrated that SC -filled guidance channels provide a usef ul tool to enhance the extent of axonal regeneration in transected cord (Xu et al., 1995a (Xu et al., ,b, 1997 Chen et al., 1996) . Whereas regenerating axons successfully entered the channels, they were unable to elongate into the milieu of the spinal cord stumps beyond. It has recently been reported that EG transplants foster the regeneration of dorsal root and corticospinal axons within the adult rat spinal cord, after they have been injured selectively (Ramón-Cueto and Nieto-Sampedro, 1994; Li et al., 1997) . In the present study, we combined the use of SC -filled guidance channels with EG transplants to test the axonal growth-promoting ability of EG in the adult rat spinal cord after complete transection. Using this experimental paradigm, we observed that EG not only elicited a robust ingrowth of injured axons into the channels but, strikingly, also improved growth across graft-cord interfaces and promoted long-distance regeneration of descending supraspinal and ascending propriospinal axons within both cord stumps.
EG transplants promote long-distance axonal regeneration of injured raphe neurons
In the control animals evaluated here, there was no serotonergic axonal regeneration from raphe neurons into SC grafts. In previous work (Xu et al., 1997) , 5-HT-immunoreactive fibers were seen to extend short distances (up to 0.7 mm) into the rostral end of the SC graft. This was the result observed in the experiments described here in which animals were grafted with both SC-filled guidance channels and EG. Most serotonergic fibers, however, regenerated through connective tissue on the channel exterior when EG were transplanted. Other neuronal types (sensory, propriospinal) elongated axons inside cables or connective tissue, implying that, unlike other regenerating neurons, serotonergic axons preferred the environment created by fibroblasts and EG. Moreover, although some serotonergic axons invaded the thin connective tissue layer at the perimeter of SC cables, they elongated for only a short distance as mentioned above, suggesting that the environment created by fibroblasts, SCs, or both was inadequate for their elongation. Either EG or fibroblasts alone seemed to be necessary but not sufficient to promote regeneration of serotonergic fibers. Although regeneration occurred in the presence of EG, it was less in EG-and SC-containing cables. Furthermore, these fibers failed to grow through connective tissue lacking EG in control animals. Therefore, EG and fibroblasts together seemed to provide an adequate combination of factors needed for axonal regeneration of raphe neurons.
In undamaged spinal cords, most serotonergic fibers descend from brainstem raphe neurons, although a few originate from intraspinal cells. After complete spinal cord transection, all serotonin from brainstem axons is eliminated caudal to the transection site Hamill, 1988, 1989) . The specific location of serotonergic fibers in the distal spinal cord of EG-transplanted animals suggests that they have a supraspinal rather than a local origin. The number of intrinsic serotonergic neurons contained in the regions we analyzed (T10 -L3) is very low (one or three neurons), and serotonin-immunoreactive fibers were observed in EG-containing cords at levels where serotonergic neurons are practically absent (L2-L3) (Newton and Hamill, 1988) . Moreover, serotonin-immunopositive neuronal somata were not found in any of the distal spinal cord sections examined, indicating that serotonergic axons detected distally were not sprouts from intraspinal neurons. Previous studies reported the presence of serotonergic fibers in lamina X of the gray matter of transected spinal cords but not at other cord regions Hamill, 1988, 1989) . We detected serotonin-immunoreactive axons in the white matter of the ventral columns of EG-transplanted rats, strongly suggesting that those fibers were regenerating from supraspinal neurons instead of local cells. We also detected small dots of serotonin immunoreactivity delineating the cell bodies of motor neurons, indicating that, most likely, some regenerating serotonergic fibers reached their target neurons. In addition, none of the animals from our control group (with SC grafts alone) presented serotonergic fibers in the ventral columns or near motor neurons. Therefore, we conclude that EG transplants made possible the regeneration of axons from brainstem neurons in the injured spinal cord. These regenerating fibers extended beyond the gliotic tissue into the distal cord tissue, reaching the longest distance analyzed (1.5 cm).
EG transplants promote long-distance axonal regeneration of injured ascending propriospinal axons
Axonal outgrowth from the grafts into the rostral stump of transected spinal cords in EG-transplanted rats was also indicated by the presence of TM B-stained neuronal somata beyond the distal cord-cable interface. These neurons could only have been labeled if they had picked up the tracer at the injection site (C7), transported it retrogradely, and accumulated it in their somata. This means that regenerating axons from injured propriospinal neurons were able to cross both cord-graft interfaces and elongate through the rostral spinal cord to at least C7. Because grafts were placed between T8 and T10, axons had grown at least 2.5 cm (between T8 and C7) to reach the tracer injection site. The location of TM B-labeled neuronal bodies within laminae V and VII of the lower thoracic (T10 -T12) and upper lumbar (L1-L3) spinal cord gray matter may suggest that EG induce the regeneration of spinocerebellar, spinoreticular, spinocervical, or spinoannular axons (Tracey, 1985) . No labeled somata were observed distal to the graft in control animals.
EG transplants promote growth from the SC graft into the distal spinal cord
Numerous TM B-labeled fibers were detected in the SC cables and beyond the distal cord-cable interface in EG-containing spinal cords. Some of these traced fibers may be retrogradely filled axons from DRG or spinal neurons that regenerated proximally to the tracer injection site. However, the number of TMBlabeled somata from spinal neurons is small (see above), and axons of these neurons would not account for the large numbers of fibers observed. Moreover, CGRP-positive ascending axons from DRG neurons crossed the distal interface from the dorsal columns (white matter), and TM B-labeled fibers were not observed in the distal cord white matter. Therefore, many of the TMB-labeled fibers observed in the gray matter beyond the distal cord-graft interface may be anterogradely traced descending axons regenerating distally (e.g., propriospinal, brainstem-spinal, corticospinal). In control rats, no labeled axons were detected beyond the distal cord-SC cable interface, although they were seen inside the cable as reported previously (Xu et al., 1997) . This indicated that neither axonal regeneration into the distal stump nor long-distance axonal regeneration in the distoproximal direction occurred in controls.
EG migrate within injured spinal cords and improve the environment for axonal regeneration EG migrated both longitudinally and laterally from the injection sites in the spinal cord stumps. In both rostral and caudal directions, they reached the farthest distance analyzed (1.5 cm) and entered SC cables or connective tissue bridges. As reported previously (Ramón-Cueto and Nieto-Sampedro, 1994), migration of EG was not impeded by formed glial scars, and furthermore, EG and reactive glial cells were intermingled. EG moved through either gray or white matter. Therefore, inhibitory molecules from either gliotic tissue (Fernaud-Espinosa et al., 1993) or from myelin (Caroni and Schwab, 1988; Schwab et al., 1993) did not hinder the migration of EG within the CNS. EG were not restricted to the CNS; some cells entered the PNS environment of the dorsal and ventral roots close to the transection site. Axons entering and exiting the CNS through these nearby roots were also transected in their path inside the spinal cord. EG migration inside the roots may be induced by factors released by injured root axons in their attempt to regenerate or by the degenerative process occurring after damage.
EG may provide an appropriate environment for regeneration by accompanying growing axons in the CNS (Ramón-Cueto and Nieto-Sampedro, 1994; present results). It is possible that ensheathment of extending axons by EG could prevent exposure of the axons to inhibitory molecules (Ramón y Cajal, 1928; Reier et al., 1983; Liuzzi and Lasek, 1987; Bandtlow et al., 1990; Smith et al., 1990; Hatten et al., 1991; Bovolenta et al., 1992; FernaudEspinosa et al., 1993; Giulian, 1993; Schwab et al., 1993) . EG transplants did not prevent glial scar formation. But interactions between EG and reactive astrocytes or inflammatory cells might change the factors produced by either cell type, thereby modifying the molecular composition of the scar from inhibitory to more permissive to axonal elongation. EG promotion of axonal regeneration could be related to molecules they produce (Ramón-Cueto and Valverde, 1995; Ramón-Cueto and Avila, 1998) . EG generate adhesion molecules such as polysialic acid and neural CAMs, laminin, and L1 (Liesi, 1985; Miragall et al., 1988; Ramón-Cueto and Nieto-Sampedro, 1992; Franceschini and Barnett, 1996) , which are known promoters of axonal growth, and secrete a variety of growth factors (Ramón-Cueto and Avila, 1998). These cells appear to produce platelet-derived growth factor (Kott et al., 1994) , neuropeptide Y (Ubink et al., 1994) , glia-derived nexin (Reinhard et al., 1988) , S100 (Cummings and Brunjes, 1995; Franceschini and Barnett, 1996) , and NGF (Ramón-Cueto et al., 1993; Ramón-Cueto and Avila, 1998) . Brainstem serotonergic neurons are responsive to BDNF and neurotrophin-3 (NT-3) in vivo (Xu et al., 1995b; Eaton and Whittemore, 1996; Menei et al., 1998) . Because EG transplants elicited long-distance regeneration of serotonergic axons in the transected spinal cord, these cells may also be producing BDNF and NT-3 (Ramón-Cueto and Avila, 1998) .
Here, we report that the appropriate conditions for the elongation of serotonergic fibers were provided by EG and fibroblasts of the connective tissue bridges and also by EG in the injured cord tissue. Reactive astrocytes are a source of fibroblast growth factors (FGFs) (Baird and Klagsbrun, 1991; Unsicker et al., 1992; Mocchetti et al., 1996) , which support survival and axonal regeneration of injured PNS (Vergara et al., 1993) and CNS (Cheng et al., 1996; Mochetti et al., 1996; Nakahara et al., 1996) neurons and enhance the synthesis and secretion of neurotrophins by astrocytes (Onno et al., 1991; Petroski et al., 1991) . Accordingly, reactive astrocytes might produce FGFs that, in turn, increase the secretion of trophic or tropic molecules by EG. Although SCs also secrete a large variety of neurotrophic factors (Raivich and Kreutzberg, 1993) , they were not sufficient to promote the elongation of serotonergic axons in the presence of either fibroblasts or gliotic tissue (Xu et al., 1997) . EG may produce higher amounts of neurotrophins or as yet unidentified factors that may account for the difference in the regenerative abilities of SCs and EG. Also, it should be noted that a barrier to axonal growth forms between the peripheral nerve/SC and C NS tissue environments; this is not known to occur between EG and C NS tissue.
In summary, we found that EG transplants promoted longdistance regeneration of ascending and descending axons in the transected adult mammalian spinal cord. After EG transplantation, damaged axons were able to cross glial scars, enter both spinal cord stumps, and grow through an otherwise nonpermissive C NS environment. Axonal elongation within both rostral and caudal cord stumps was achieved for the longest distance analyzed (2.5 and 1.5 cm, respectively). Moreover, EG migrated from the injection sites toward more rostral and caudal locations, also overcoming the inhibitory nature of C NS tissue. Our present results imply that EG transplants provided injured axons with the conditions needed for their regeneration within the CNS. EG transplants might be used in the f uture as a tool to foster the regeneration of axons in the lesioned adult mammalian CNS. Alternatively, determination of the factors responsible for the growth-promoting properties of EG might provide usef ul clues to develop new strategies for treating C NS trauma.
